Although individual -y-crystallins from the human eye lens have not been successfully purffied and sequenced, most of the genes coding for these lens-specific structural proteins have been cloned and characterized. To investigate the relationship between these genes and the y-crystallins of the human lens, we made use of mouse cell lines which contain stably integrated copies of the coding sequences for three of the human -y-crystallin genes coupled to the human metallothionein IIA promoter. The proteins produced by these hybrid genes in cell culture were detected immunologically and compared by physical characteristics with the -y-crystallins from the human lens. The protein encoded by the G3 gene showed properties identical to those of the 21,000-molecular-weight y-crystallin from 11-month-old lens. The protein isolated from the cells expressing the G4 gene was similar to a 19,000-molecular-weight lens y-crystallin, while gene G5 encodes a highly basic -y-crystallin which may be synthesized in only limited amounts in the human lens. These correlations provide a basis for future investigations on the relationship between putative mutations in human -y-crystallin genes and altered proteins in hereditary lens cataracts.
The human lens is a biconvex, avascular organ which contains three major immunologically and biochemically distinct classes of proteins, the oa-, P-, and -y-crystallins (1).
During lens growth, undifferentiated epithelial cells migrate from the anterior surface of the lens towards the equatorial axis, where they differentiate to form elongated lens fibers. Concomitant with lens cell differentiation is the activation of -y-crystallin gene expression (1, 14) . The y-crystallins account for approximately 20% of the soluble lens protein. The exact function of these proteins is unknown, although the integrity of these polypeptides is generally believed to be critical to the maintenance of lens transparency (5) . Changes in lens transparency that occur with age or during cataract formation are usually accompanied by structural alterations in the -y-crystallin proteins (8) (9) (10) ; however, the relationship between these changes and the opacification of the lens is not yet understood.
Studies on rodent y-crystallins indicate that y-crystallin gene expression is differentially regulated during development (18, (21) (22) (23) . Differential accumulation of low-molecular-weight human lens proteins has also been observed, suggesting that the human y-crystallin genes may also be temporally regulated during development (15, 19, 26) . The human -y-crystallins are encoded by seven closely related genes located on chromosome 2, region q33-36 (6, 7, 16, 17, 20, 24) . Detailed analysis of six of these genes has revealed that two are highly related pseudogenes and contain the same in-frame termination codon at identical positions in their coding sequence (16) ; the other four are potentially active and encode closely related polypeptides that show 70 to 79% homology in amino acid sequence (7, 17) . However, the relationship between these genes and the proteins isolated from the lens has not been established. This is primarily due to inherent difficulties in purifying the individual * Corresponding author. y-crystallins from the lens since the progressive alterations that occur in these proteins in vivo with age complicate efforts to achieve their separation and physical characterization (9, 26) . Although three distinct crystallins in the lowmolecular-weight fraction derived from the human lens can be isolated by column chromatography, each of these proteins shows extensive microheterogeneity and can be resolved into polypeptides with multiple isoelectric points. The extent of this microheterogeneity increases dramatically with lens age (26) .
To facilitate assignment of the human y-crystallin genes to their corresponding translation products within the lens, we utilized several stably transfected mouse L-cell lines which we have previously described (17) , in which the coding regions of the human y-crystallin genes, G3, G4, and G5, have been placed under the transcriptional control of the human metallothionein IIA promoter. Substitution of this promoter was designed to allow efficient expression of the cloned y-crystallin sequences in non-lens cells since the native y-crystallin promoters have been shown to be active so far only in primary lens cultures (12, 17) . In addition, metallothionein IIA and the y-crystallin genes contain a common NcoI site about their translation initiation codons, which permitted precise construction of metallothionein IIA-y-crystallin hybrid genes (see reference 17) . The ycrystallins produced by these hybrid genes in cell culture were compared with y-crystallins obtained directly from the lens. In this regard, Zigler et al. have previously described three abundant low-molecular-mass crystallins of 24, 21 , and 19 kilodaltons (kDa) (26) . The 21-and 19-kDa species are putative y-crystallins, whereas the 24-kDa protein is the human counterpart of bovine Ps crystallin (25) . These proteins were fractionated from fetal lens by Sephadex G75 superfine chromatography as previously described (26) and analyzed with the y-crystallins produced in L cells. The proteins produced in cell culture were prepared as briefly 19-kDa low-molecular-mass proteins isolated from an 11-month-old human lens. Lanes 4 to 6, Coomassie blue-stained gel of 7 to 14 jig of total cellular protein extracted from L-cell lines expressing G3, G4, and G5, respectively. Lanes 7 to 12, Western blot of lanes 1 through 6, using an anti-human y-crystallin serum and peroxidaselabeled second antibody.
described. At 48 h before cell harvesting, 5 ,uM cadmium chloride was added to the culture medium to enhance transcription from the metallothionein IA promoter. Cells were harvested by trypsinization or by scraping from the flask and were washed three times in phosphate-buffered saline. The cell pellet was suspended in gel sample buffer (11) for sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE); for isoelectric focusing (IEF), the pellet was frozen and thawed three times and centrifuged, and the resulting lysate was dialyzed against 1 mM EDTA and 1 mM dithiothreitol. The protein samples were fractionated either by SDS-PAGE, using the discontinuous buffer system of Laemmli (11) , or by IEF on polyacrylamide gel plates with a pH range of 3.5 to 9.5 according to the manufacturer's instructions (LKB, Stockholm, Sweden). The fractionated lysates were electrophoretically transferred to nitrocellulose paper as previously described (17) . The blots were subsequently treated with 20 mM Tris hydrochloride (pH 7.5) and 500 mM NaCl (buffer A) plus 3% gelatin to block nonspecific protein-protein interactions and then incubated with a 1:400 dilution of a rabbit anti-human lowmolecular-weight y-crystallin serum (kindly provided by J. Samuel Zigler, Jr.). Excess unbound antiserum was washed off with buffer A plus 0.5% Tween-20. and the bound antibody was detected by incubation with a peroxidaselabeled goat anti-rabbit antibody (Kirkegaard and Perry, Gaithersburg, Md.). After a second washing, the immunoreactive proteins were visualized with 4-chloro-1-naphthol and H202.
As previously noted (17), the y-crystallin encoded by the G3 gene migrated slightly more slowly in SDS-polyacrylamide than the species encoded by G4 (Fig. 1) . The slower mobility of the G3-encoded polypeptide runs contrary to expectation since G3 and G4 predict polypeptides with molecular masses of 20,674 and 20,734 daltons, respectively (16) . Comparison of these proteins with the species isolated from fetal lens revealed that the -y-crystallin encoded by the G4 gene migrated in SDS-polyacrylamide in a manner similar to the 19-kDa lens protein. The -y-crystallins encoded by G3 and G5, on the other hand, migrated similarly to the 21-kDa species; however, the polypeptide encoded by G5 appeared to migrate slightly more slowly than the species encoded by G3 (compare lanes 10 and 12, Fig. 1) . None of the proteins encoded by the G3, G4, and G5 genes corresponded to the 24-kDa Ps crystallin.
A more discriminating analysis was achieved by comparing the isoelectric points (pls) of the -y polypeptides encoded by the G3, G4, and G5 genes with those of the lowmolecular-weight crystallins fractionated from the lens. Figure 2A shows the migration characteristics of the 24-, 21-, and 19-kDa species from fetal lens on an IEF gel. As described previously by Zigler et al. (26) , each crystallin was resolved into a number of different bands, reflecting various degrees of protein microheterogeneity. This microheterogeneity has been shown to derive from age-related modification of the -y-crystallins which results in a progressive shift towards more acidic species in lenses of increasing age (26) . While the exact nature of these age-related changes remains unknown, we have recently shown that conversion to the more acidic species can be achieved in vitro in a mixed-function oxidation system (18a). Figure 2A shows that the most basic, unmodified forms of the 24-, 21-, and 19-kDa species migrated with pls of 6.9, 7.5, and 7.35, respectively. Similar analyses conducted on the y-crystallins produced in L cells revealed that the proteins encoded by the G3 and G4 genes contained pIs indistinguishable from those of the 21-and 19-kDa species, respectively ( Fig. 2B and C) . Since the -y-crystallins encoded by G3 and G4 also migrated comparably to the 21-and 19-kDa species in SDS-PAGE, the latter two proteins, which are expressed at relatively high levels in the fetal lens (26; see below), represent likely candidates for products of the G3 and G4 genes. The final assignment of these genes to specific lens proteins would ideally come from protein sequence determinations of the -y-crystallins from the lens. However, such analyses have so far been hampered by both age-related modification of the -y-crystallins and the consequent requirement for sufficient amounts of material from very young lenses. Because the polypeptide encoded by G5 migrated in SDS-PAGE similarly to the product of G3 (see Fig. 1 ), we next compared the products of the G3, G4, and G5 genes on an IEF gel in parallel with total low-molecular-weight proteins fractionated from fetal lens. The y-crystallin encoded by the G5 gene migrated as an extremely basic protein and corresponded exactly with the most basic species detectable in fetal lens by either staining or immunoblot (Fig. 3) 
